We summarize results of the 1996 Snowmass workshop on future prospects for discovering dynamical electroweak symmetry breaking, compositeness, and anomalous couplings of quarks at colliders. We present the mass reach of the Tevatron to a color singlet or octet technirho, and to a topgluon or topcolor Z ′ from topcolor assisted technicolor. We explore the sensitivity of the Tevatron, LHC, NLC, and VLHC to contact interactions and excited fermions. Finally we investigate the possibility of seeing anomalous couplings of quarks at the Tevatron and LHC.
T 1 , with mass roughly in the range 200 to 400 GeV. Color singlet technirhos are produced in hadron collisions through quark-antiquark annihilation. The expected decay modes are ρ
Here the technipions, π T , decay predominantly to heavy flavors: π 0 T → bb, and π ± T → cb, tb. Techniquarks will also bind to form color octet technirhos, ρ 0 T 8 , with mass roughly in the range 200 to 600 GeV. Color octet technirhos are produced and decay via strong interactions. If the mass of the colored technipions is greater than half the mass of the technirho, then the color octet technirho will decay predominantly to dijets: ρ T 8 → gg. If colored technipions are light the color octet technirho decays to pairs of either color triplet technipions (leptoquarks) or color octet technipions.
ρ T 1 → W + dijet at the Tevatron
The search for ρ T 1 → W X, where X can be a W ,Z, or π T , is sufficiently similar to the search for a massive W ′ decaying to W Z, that Toback [2] has extrapolated the W ′ search to higher luminosities as an estimate of our sensitivity to color singlet technirhos at the Tevatron. He considered the decay chain ρ T → W X → eν+ dijets, and required both the electron and neutrino to have more than 30 GeV of transverse energy, E T . He required at least two jets in the event, one with E T > 50 GeV, and the other with E T > 20 GeV. The higher E T cut on the two jets was optimized for a high mass W ′ search (M > 500 GeV) and should be reduced for a lower mass technirho search. The resulting W+dijet mass distribution from 110 pb −1 of CDF data was in good agreement with standard model predictions, and was used to determine the 95% CL upper limit on the ρ T 1 cross section, shown in Fig. 1 . Here he assumed that the acceptance for a technirho was roughly the same as for a W ′ . The extrapolation to higher luminosities shows that TeV33 (30 fb −1 ) should be able to exclude at 95% CL a color singlet technirho decaying to W plus dijets for technirho masses up to roughly 400 GeV. This covers the expected range in the one-family technicolor model. −1 , 2fb −1 and 30fb −1 respectively. Note that we have assumed that the limits simply scale as the inverse of the square root of the luminosity
ρ T 1 → W + bb at the Tevatron and LHC
Womersley [3] has studied the process′ → ρ T 1 → W π T → (lν)(bb), including the effect of tagging events with a final state b quark, for the particular case of m ρT = 210 GeV and m πT = 115 GeV. He generates signal and background events using ISAJET, and uses a fast simulation of the CMS detector at the LHC. After all simulation, events are required to have a good W candidate, formed from an isolated charged lepton with E T > 25 GeV and pseudorapidity |η| < 1.1, a neutrino with E T > 25 GeV, and their combined transverse mass in the range 50 < m T < 100 GeV. Further, events were required to have two jets with E T > 20 GeV and |η| < 2.5, and the probability of tagging at least one of the two b quarks was assumed to be 50% with a mistag rate of 1% for light quarks. Figure 2 show the reconstructed π T peak in the signal sample, and that prior to b-tagging the signal is swamped by a large QCD W+dijet background. Figure 2 also shows that after b-tagging the signal to background is significantly improved at both the Tevatron and the LHC. For this particular case of a light technirho the signal to background is better at the Tevatron although the rate at the LHC is considerably higher. Clearly, b-tagging is critical, and makes possible the discovery of a 210 GeV color singlet technirho at the Tevatron in Run II (2 fb −1 ). 
ρ T 8 → dijets at the Tevatron
Harris has determined the sensitivity at the Tevatron to dijet decays of color octet technirhos by extrapolating CDF searches [4] to higher luminosities. Here there are significant QCD backgrounds, so the cross section limits scale inversely as the square root of the luminosity. In reference [5] he compared the cross section limit to the theoretical prediction, to determine the mass excluded at 95% CL, shown in fig. 3 . The mass reach for color octet technirhos is 0.77 TeV for Run II (2 fb −1 ) and 0.90 TeV for TeV33 (30 fb −1 ), which is more than the expected ρ T 8 mass in the one-family technicolor model. The mass reach for new particles decaying to dijets vs. integrated luminosity at the Tevatron. The mass reach of the NLC for direct production is also shown.
Lee [6] has studied the production of longitudinal weak gauge boson pairs via gluon fusion in a one-family technicolor model [1] at the LHC. Fig. 4 shows that when the invariant mass is above the threshold for production of pairs of colored technipions, the W L W L or Z L Z L signal cross section is greater than the standard model background by over an order of magnitude. Assuming an integrated luminosity of 100 fb −1 , the Z L Z L signal, over a thousand events with four leptons in the final state (e and µ), will be easily observable. If one-family technicolor exists, the LHC will see it in this channel. 
B. Topcolor Assisted Technicolor
Eichten and Lane [7] have recently discussed the phenomenology of the topcolor model of Hill and Parke [8] , and Burdman has recently studied the scalar sector of the model [9] . Topcolor assisted technicolor [10] is a model of dynamical electroweak symmetry breaking in which the top quark is heavy because of a new dynamics. Topcolor replaces the SU (3) C of QCD with SU (3) 1 for the third quark generation and SU (3) 2 for the first two generations. The additional SU(3) symmetry produces a < tt > condensate which makes the top quark heavy, and gives rise to a color octet gauge boson, the topgluon B. The topgluon is expected to be wide (Γ/M ≈ 0.3 − 0.7) and massive (M ∼ 0.5 − 2 TeV). In hadron collisions it is produced through a small coupling to the first two generations, and then decays via a much larger coupling to the third generation:→ B → bb, tt.
Similarly, topcolor also replaces U (1) Y of the standard model with U (1) Y 1 for the third generation and U (1) Y 2 for the first two generations. The additional U (1) keeps the bottom quark light, and gives rise to a massive color singlet gauge boson, the topcolor Z ′ . The topcolor Z ′ may be narrow (Γ/M ∼ 0.01 − 0.1) and it couples predominantly to tt.
Topgluons decaying to bb at the Tevatron
Harris [11] has used a full simulation of topgluon production and decay to bb, and an extrapolation of the b-tagged dijet mass data [12] , to estimate the topgluon discovery mass reach in a bb resonance search. 
Topgluons decaying to tt at the Tevatron
Harris [14] has used a parton level prediction for tt production from QCD and topgluons, together with the projected experimental efficiency for reconstructing tt, to estimate the topgluon discovery mass reach in a tt resonance search. Fig. 6 displays the results for three different widths of the topgluon. The topgluon discovery mass reach, 1.0 − 1.1 TeV for Run II and 1.3 − 1.4 TeV for TeV33, covers a significant part of the expected mass range (∼ 0.5 − 2 TeV). The mass reach estimated using the total tt cross section, shown in Fig. 7 , is similar to that for the resonance search, providing an important check. This mass reach is better than in the bb channel, discussed in the previous section, because backgrounds in the tt channel are smaller. If topgluons exist, there is a good chance we will find them at the Tevatron.
Topcolor Z ′ decaying to tt at the Tevatron
Tollefson [15] has considered the decay chain topcolor Z ′ → tt → (W b)(Wb) → lνbbjj. She uses the PYTHIA Monte Carlo [16] and a CDF detector simulation for both the signal and background. As in the CDF top quark mass analysis [17] , she requires a central charged lepton with E T > 20 GeV, a neutrino with E T > 20 GeV, 3 jets with E T > 15 GeV and |η| < 2, one jet with E T > 8 GeV and |η| < 2.4 and requires that at least two of the four jets be tagged as a b quark. She reconstructs the tt mass with the following mass constraints: the charged lepton and neutrino reconstruct to the mass of a W, the two jets reconstruct to the mass of a W, and the mass of each reconstructed top quark be 175 GeV. This results in tt mass resolution of 6% and an acceptance of 6.5% for the signal. From a binned maximum likelihood fit of the simulated tt mass distribution, she determines what resonance cross section would produce a 5σ signal, and compares that to the expected topcolor Z ′ cross section in Fig. 8 . The resulting mass reach for a narrow topcolor Z ′ at the Tevatron is 0.9 TeV for Run II (2 fb −1 ) and 1.1 TeV for TeV33 (30 fb −1 ).
II. COMPOSITE FERMIONS
The repetition of the three generations of quarks and leptons strongly suggests that they are composite structures made up of more fundamental fermions, which are often called "preons" in the literature. There have been a lot of theoretical efforts to construct realistic models for composite fermions, but no obviously correct or compelling model exists. Nor do we know the energy scale Λ which characterizes the interactions of preons.
A. Contact Interactions
Deviations from the Standard Model (SM) in low energy phenomena can be systematically studied using the effective Lagrangian approach. In this approach, an effective Lagrangian, which obeys the low energy SM symmetries, is constructed out of the SM fields. The leading terms are simply given by the SM, while the higher order terms consist of higher-dimension operators and are suppressed by powers of the scale Λ of the new physics.
The existence of quark and lepton substructure will be signaled by the appearance of the four-fermion contact interactions at energies below Λ [18] . Eichten and Lane have reviewed these contact interactions [7] . They arise from the exchanges of preon bound states, and they must be SU (3)⊗SU (2)⊗U (1) invariant because they are generated by forces operating at or above the electroweak scale. The lowest order four-fermion contact interactions are of dim-6, which means that they are suppressed by 1/Λ 2 . The general Lagrangian of four-fermion contact interactions, up to dimension 6, can be written as
where we have suppressed the generation and color indices, η = ±1, and F ℓ is inserted to allow for different quark and lepton couplings but is expected to be O(1). It is conventional to define g 2 = 4π, so that the interaction is defined to be strong whenŝ approaches Λ. These contact interactions can affect jet production, the Drell-Yan process, lepton scattering, etc. Since compared to the SM the contact interaction amplitudes are of orderŝ/α S Λ 2 orŝ/α em Λ 2 , the effects of the contact interactions will be most important in the phase space region with largeŝ. Therefore, the four-fermion contact interactions are often searched for at the high E T region in jet and lepton-pair production. So far, the contact interaction used most to parameterize the substructure scale Λ, is the product of two left-handed electroweak isoscalar quark and lepton currents. Cheung, Godfrey, and Hewett [19] studied the ℓℓqq and ℓℓℓ ′ ℓ ′ contact interactions at future e + e − and µ + µ − colliders, and derived limits on the compositeness mass scale Λ using the reactions ℓ + ℓ − → ff , where f = µ, τ, b, c and ℓ = e, µ (ℓ = f ). These reactions proceed via s-channel exchanges of γ, Z, and the ℓℓff contact interaction. The polarized differential cross sections for e − L/R e + → ff versus cos θ, where θ is the scattering angle in the CM frame, are given by
where
and
w , C f = 3(1) for f being a quark (lepton), s w and c w are, respectively, the sine and cosine of the weak mixing angle. The expressions for dσ R /d cos θ, C RR , and C RL can be obtained by interchanging L ↔ R. The unpolarized differential cross section is simply given by the average of dσ L /d cos θ and dσ R /d cos θ. Other observables, e.g., A F B , A LR , can be obtained from these cos θ distributions.
To
cos θ| < 0.9 was imposed and the whole cos θ distribution is divided into 10 equal bins. The efficiencies in detecting the final state are ǫ = 60% for b quarks, 35% for c quarks, and 100% for leptons. The limits on Λ at 95% CL that can be obtained by various processes at future e + e − and µ + µ − colliders are tabulated in Table I . [20] have studied the effect of a left-handed contact interaction between quarks and leptons at the Tevatron. Using 110 pb −1 of CDF data on dielectron production, they report preliminary limits of Λ
qq → ll Contact
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TeV at 95% CL. They also report limits for the dimuon channel and the combined dielectron+dimuon channels; the latter is approximately 0.5 TeV more stringent than with electrons alone. Using a Monte Carlo procedure they estimate the sensitivity of the Tevatron with higher luminosities.
For standard model production of dielectrons they simulate one hundred experiments with 2 fb −1 and one hundred experiments with 30 fb −1 , each measuring the dielectron mass spectrum. For each experiment they calculate a likelihood as a function of Λ of that experiment coming from the standard model plus a contact interaction of strength Λ. To minimize fluctuations in the shape of the likelihood function, they average the likelihood functions from the 100 experiments. In Figure 9 they plot the log likelihood as a function of η/Λ, where η is the sign of the contact interaction. From Fig. 9 
qq → qq Contact
An excess of events with high jet E T in hadron collisions is a well known signature for a→contact interaction. However, significant uncertainties in the parton momentum distributions within the proton, ambiguities in QCD calculations, and systematic uncertainties in jet energy measurement, make it difficult to discover a signal. This is apparent from the recent CDF measurement of the inclusive jet cross section [21] , and the phenomenological papers which followed [22] . Some progress has been made at the Snowmass workshop on quantifying the un- certainties in the parton distributions [23] , however, more work is clearly necessary. Another signal of a→contact interaction, which is not very sensitive to theoretical or jet energy measurement, is a dijet angular distribution which is more isotropic than predicted by QCD. Using 110 pb −1 of data at the Tevatron, CDF has recently measured the dijet angular distribution and found good agreement with QCD predictions, thereby excluding a contact interaction among up and down type quarks with scale Λ + ≤ 1.6 TeV or Λ − ≤ 1.4 TeV at 95% CL [24] . For a flavor symmetric contact interaction among all quarks the exclusions are 0.2 TeV more. Although with further luminosity this exclusion will improve somewhat, comparing this limit with that obtained from the UA1 experiment [25] , we see that the compositeness scale reach of a hadron collider is roughly equal to its center of mass energy, √ s. This is confirmed by studies of the LHC [26] , where the predicted reach is Λ ≈ 15 TeV.
qq → γγ Contact Interaction
Rizzo has previously studied the effects of a→ γγ contact interaction at the Tevatron and the LHC [27] and here he extends these results to a Very Larger Hadron Collider (VLHC) [28] . The lowest dimension gauge invariant operator involving two fermions and two photons is a dimension-8 operator, which induces a qqγγ contact interaction. This interaction, assuming parity and CP conservation, is given by
where e is the electromagnetic coupling, and Λ is the associated mass scale. The observation of the signatures associated with this operator would be a clear signal of compositeness. The mass scale Λ ± indicates that the limits obtained below will depend upon whether the contact operator interferes constructively or destructively with the SM contribution. It is clear that the contact interaction in (5) affects the parton cross section most in the region with largeŝ, and thus it causes the cross section to be less peaked in the forward and backward directions and generates more central and higher p T photons. It also enhances the production rate at high diphoton invariant mass M γγ . Figure 10 shows the integrated event rates for isolated diphoton events with invariant mass larger than M min γγ at a 60 TeV pp collider with a 100 fb −1 luminosity. It clearly shows that the contact interaction of Eq.(5) changes the cross sections most in the high M min γγ region. In order to obtain the sensitivity to the contact interaction, we can assume that there is no event excess over the SM predictions in various future collider experiments, and then we can put limits on Λ ± using a simple χ 2 analysis. The results for various future collider experiments are tabulated in Table II . From the table we can see that pp colliders are better than pp colliders because there are moreluminosities in pp than in pp. The limits can be pushed to about 7-13 TeV at a 60 TeV machine, and about 16-33 TeV at a 200 TeV one. 
B. Excited Quarks
Although it is expected that the first evidence for quark and/or lepton substructure would arise from the affects of contact interactions, conclusive evidence would be provided by observation of excitations of the preon bound state. If quarks are composite particles then excited quarks are expected. Harris [29] has investigated the prospects for discovering an excited quark [30] , u * or d * with spin 1/2 and weak isospin 1/2, at hadron colliders. He considers the process qg → q * → qg, and does a lowest order calculation of the dijet resonance signal and QCD background assuming an experimental dijet mass resolution of 10%. The estimated 5σ discovery mass reach at the Tevatron is 0.94 TeV for Run II (2 fb −1 ) and 1.1 TeV for TeV33 (30 fb −1 ). The mass reach at the LHC is 6.3 TeV for 100 fb −1 . The discovery mass reach at a Very Large Hadron Collider (VLHC) is shown in Fig. 11 for 3 different machine energies as a function of integrated luminosity. At a VLHC with a center of mass energy of (50) 200 TeV the mass reach is 25 TeV (78 TeV) for an integrated luminosity of 10 4 fb −1 . However, an excited quark with a mass of 25 TeV would be discovered at a hadron collider with √ s = 100 TeV and an integrated luminosity of only 13 fb −1 : here a factor of 2 increase in energy from a 50 TeV to a 100 TeV machine is worth a factor of 1000 increase in luminosity at a fixed machine energy of 50 TeV. 
III. ANOMALOUS COUPLINGS OF QUARKS
The lowest order interaction between a quark and a gluon is a dimension-4 operator,tγ µ T a tG a µ . Among all the dimension-5 operators, the most interesting ones involving quarks and gluons are the chromomagnetic (CMDM) and chromoelectric (CEDM) dipole moment couplings of quarks. These dipole moment couplings are important not only because they are only suppressed by one power of Λ but also because a nonzero value for the CEDM is a clean signal for CP violation. The effects of these anomalous couplings have been studied quite extensively, e.g., in tt production [31, 32, 33] , in bb production [31] , and in inclusive jet production [34] .
The effective Lagrangian for the interactions between a quark and a gluon that include the CEDM and CMDM form factors is
where κ/2m q (κ/2m q ) is the CMDM (CEDM) of the quark q. The above Lagrangian is valid for both light and heavy quarks. The Lagrangian in Eq. (6) gives an effective qqg vertex, and also induces a qqgg interaction, which is absent in the SM. We shall use a short-hand notation:
which are given in units of (GeV) −1 .
A. Prompt Photon Production
Cheung and Silverman have studied the effects of anomalous CMDM and CEDM of light quarks on prompt photon production [35] . Prompt photon production is sensitive to the gluon luminosity inside a hadron because it is mainly produced by quark-gluon scattering. For the same reason this process is also sensitive to the anomalous couplings of quarks to gluons. The contributing subprocesses for prompt photon production are: q(q)g → γq(q) and→ γg. The spin-and color-averaged amplitude for
and Q q is the electric charge of the quark q in units of proton charge. Similarly, the spin-and color-averaged amplitude for
The differential cross section for prompt photon production versus the transverse momentum of the photon is shown in Fig. 12a . The LO QCD curve has to be multiplied by a Kfactor of about 1.3 to best fit the CDF data. Figure 12a also shows curves with nonzero values of CMDM. It is clear that nonzero κ ′ will increase the total and the differential cross sections, especially in the large p T (γ) region. The effects due to nonzero CEDM will be the same because the increase in cross section is proportional to (κ ′ 2 +κ ′ 2 ). The fractional difference from pure QCD for nonzero CMDM is shown in Fig. 12b . The data are from CDF [36] and D0 [37] . The anomalous behavior at low p T (γ) has already been resolved by including initial and final state shower radiation, therefore, only the large p T region is relevant. Since in Eqs. (8) and (10) the role of κ ′ andκ ′ are the same, one of them is kept zero when bounding on the other. From these curves it is clear that the CDF and D0 data would be inconsistent with κ ′ > 0.0045, therefore, giving a bound of
on the CMDM of light quarks. Similarly, a bound ofκ ′ ≤ 0.0045 GeV −1 on the CEDM of light quarks is valid as well. We compare this with the results obtained in Ref. [34] for jet production. The value of κ ′ obtained in fitting to the CDF [21] transverse energy distribution of the inclusive jet production is [34] 
B. Sensitivities in Future Collider Experiments
Silverman and Cheung [38] have estimated the sensitivity of the Tevatron and LHC to the anomalous chromomagnetic dipole moment of light quarks. A lowest order parton level calculation was used, and only the statistical sensitivity of the experiments was considered. The criterion, in the spirit of reference [26] , is to take bins of appropriate size for the energy range being examined, and find the E T called E * T at which the QCD cross section statistical error bars are 10%. These will be bins with 100 QCD events. Then the cross section due to QCD plus the anomalous chromomagnetic moment contribution will be explored, and the value of κ ′ ≡ 1/Λ or Λ is determined where the excess over QCD is 10% at this E * T . These E * T and Λ are shown in Table III. Varying the bin size by a factor of two makes only a small change in the value of E * T or Λ. The limits in |η| used are 0.9 for the Tevatron, and 1.0 for the LHC. From table III one can see that Λ sensitivity scales roughly as the beam energy.
C. Effects on tt Production at the LHC Top quark production at hadronic colliders is the most obvious place to probe the anomalous coupling of top quarks to gluons. There have been quite a few studies [31, 32, 33] on this subject at the Tevatron energies. Rizzo has extended the study to the LHC [39] . The contributing subprocesses to top pair production are qq, gg → tt. The existence of a nonzero Table III: Table of chromomagnetic dipole moment of the top quark will change both the total and differential cross sections. Since higher partonic center-of-mass energies become accessible at the LHC , one can probe beyond the top pair production threshold region, and have much higher sensitivities to the CMDM. Figures 13a and 13c show the modifications in the SM expectations for both dσ/dM tt and dσ/dp t , respectively, for different values of κ of the top quark. Perhaps more revealing, Figures 13b and 13d show the ratio of the modified distributions to the corresponding SM ones. One can see that a non-zero κ leads to (i) enhanced cross sections at large p t and M tt , and (ii) the shapes of the distributions are altered, i.e., the effect is not just an overall change in normalization. The sensitivities of these distributions to nonzero κ are also estimated using a Monte Carlo approach, taking into account a reasonable size of systematic errors. Assuming the SM is the correct theory, the 95% CL allowed regions of κ of the top quark are −0.09 ≤ κ ≤ 0.10 from the M tt distribution and 0.06 ≤ κ ≤ 0.06 from the p T distribution. 
Progress at 5σ at 5σ Table V : Mass and energy reach in TeV for new interactions at colliders. The symbol "∼" indicates a guess based on scaling from lower energy machines. "Found" indicates the collider will discover the particle if it exists, and "Already Found" indicates the particle would have already been discovered by a earlier collider. The symbol "-" means not applicable, and "?" means we don't know. The numbers in square brackets are either confidence levels in % or RMS deviations in units of σ, indicating the statistical size of the effect corresponding to the mass or energy reach. [26] † from reference [40] D. Summary and Conclusions Table IV and V summarize the ability of colliders to answer fundamental questions involving new interactions.
Particle
Is electroweak symmetry broken by the dynamics of a new interaction? We see that a color singlet technirho can be discovered at the Tevatron if it has the mass expected within the one-family technicolor model. Simpler models of technicolor, where there are only color singlet techniquarks and no technileptons, would predict technirho masses of a TeV or more. These could be discovered at the LHC or NLC, and higher mass technirhos could be observed at a VLHC or a muon collider. Color octet technirhos can be discovered at the Tevatron if they have the mass expected within the one-family technicolor model.
Is the mass difference between the top quark and the other quarks generated by a new interaction? Topcolor assisted technicolor can be discovered at the Tevatron if the topgluon or topcolor Z ′ has mass around a TeV or less, which is possible. The topgluon and topcolor Z ′ are expected to be lighter than a few TeV, so if they are missed by the Tevatron they will be discovered by the LHC.
Are quarks and leptons composite particles held together by new interactions? If the energy scale of those interactions is less than 20 TeV, the Tevatron has a chance of discovery in the dilepton mass spectrum, the NLC has a slightly better chance of discovery using dijet angular distributions, and the LHC will certainly see this scale of↔ ll contact interaction. Proof that observed contact interactions were caused by compositeness would come from the observation of excited states with mass near the compositeness scale. To discover an excited quark with mass around 20 TeV, we would have to build a VLHC colliding protons with √ s = 50 − 200 TeV. Is there a new interaction which changes the coupling of quarks and gluons at high energies? The Tevatron can probe anomalous coupling energy scales of a few TeV, and the LHC can probe 17 TeV for light quarks and is sensitive to top quark anomalous couplings.
We conclude that there is a significant chance of discovering new interactions at the Tevatron in the next decade. From Table V the reader can determine which of the proposed future colliders provide the greatest additional discovery potential in the post-Tevatron era.
